A mesoscopic chemical reaction kinetics model to predict the formation of zirconium oxide and hydride accumulation light-water reactor (LWR) fuel clad is presented. The model is designed to include thermodynamic information from ab initio electronic structure methods as well as parametric information in terms of diffusion coefficients, thermal conductivities and reaction constants. In contrast to approaches where the experimentally observed time exponents are captured by the models by design, our approach is designed to be predictive and to provide an improved understanding of the corrosion process. We calculate the time evolution of the oxide/metal interface and evaluate the order of the chemical reactions that are conducive to a t 1/3 dependence. We also show calculations of hydrogen cluster accumulation as a function of temperature and depth using spatially dependent cluster dynamics. Strategies to further cohesively integrate the different elements of the model are provided.
INTRODUCTION
Oxidation and hydriding performance of zirconium fuel components in light-water reactors (LWRs) may limit the maximum fuel discharge burn-up, which makes corrosion a critical aspect of Zr materials response in nuclear environments. Although out-of-pile autoclave corrosion tests developed over the years can predict some aspects of inpile corrosion performance of zirconium alloys, these autoclave tests normally underestimate corrosion rates and do not account for irradiation effects. To help bridge the gap between autoclave measurements and in-reactor Zr corrosion, several models of zirconium alloy corrosion and hydriding processes have been developed over the years. These models focus only on certain elements of the reported observations of corrosion and hydriding, and are generally formulated 'reactively', i.e. to reproduce observed experimental time evolutions without delving into the underlying causes behind the experimental observations. This lack of predictiveness prevents these models from being used for materials evaluation and design. In this paper, we present a corrosion model that provides a first-principles approach to understand corrosion and hydriding performance of Zircaloys in a general manner, based upon the material microstructure.
Oxide Layer Formation and Growth
Corrosion occurs by diffusion of oxygen and hydrogen into the Zr metal and chemical reaction with the host atoms according to:
where x is a mass balance factor set by the thermodynamics of the Zr-O system. The corrosion kinetics is generally interpreted as diffusion controlled, 2 with a one-third power law dependency with time. [2] [3] [4] [5] At a certain thickness, the oxide scale cracks, 6 ,7 which opens up pathways for the water to reach the metallic substrate, leading to a loss of the protective layer and a sudden jump in corrosion rates. Fracture is attributed to the contribution of several factors, such as (1) compressive stresses in the oxide due to volumetric expansion during oxidation (Pillar-Bedworth ratio of 1.56), 2 (2) tensile stresses in the oxide layer due to thermal and irradiation induced expansion on the fuel side, and (3) dynamic embrittlement caused by hydride precipitation. [8] [9] [10] [11] [12] Due to the highly complex and synergistic nature of corrosion kinetics, with coupled oxygen/hydrogen transport, diffusion/ reaction kinetics, temperature effects, and complex oxide microstructures, to name but a few, a multipronged approach that includes modeling as an essential element must be adopted to improve our understanding of the process.
In this paper, we present an integrated model of Zr oxidation and hydriding kinetics starting from first-principles reaction kinetics, fundamental thermodynamics, and parameterization from electronic structure calculations and experiments. First, we describe the thermodynamic modeling that furnishes phase diagrams and structural details. This is followed by a formulation of the chemical reaction model for oxide layer growth, in which the nonstoichiometric oxidation of Zr to ZrO x is computed in real time, considering the simultaneous spatial variation in the effective parameters such as diffusivities, thermal conductivities, and reaction kinetics. Electronic structure calculations of the model parameters are then discussed, and the paper concludes with a rate theory study of hydride accumulation in the Zr metal layer.
THERMODYNAMICS OF Zr OXIDES AND HYDRIDES
Clad corrosion is a non-equilibrium, multi-scale process that can be viewed as a sequence of phase transformations of the original hcp Zr-based alloy into its various oxides and hydrides due to the ingress of oxygen and hydrogen. Relevant kinetic processes include oxygen and hydrogen diffusion down chemical potential gradients as well as the migration of interfaces separating the alloy from the various oxide and hydride phases. These thermally activated, non-equilibrium processes can be described at a phenomenological level with kinetic laws based on irreversible thermodynamics and/or Cahn-Hilliard-Allen-type descriptions. 6, 13 Predicting the dynamical evolution at a phenomenological level, while very well suited for corrosion processes, nevertheless requires accurate thermodynamic and kinetic information, which is often difficult if not impossible to measure experimentally, especially in isolation. It is here where first-principles electronic structure methods can play a crucial role. However, first-principles electronic structure methods only predict properties at zero temperature, while corrosion occurs at elevated temperature where entropy and thermal activation are important. Statistical mechanics is the key link connecting the 0 K electronic structure properties of a particular phase to its high-temperature thermodynamic and kinetic properties needed in phenomenological theories. The development of powerful statistical mechanics methods and computational tools to predict free energies 14, 15 and diffusion coefficients 16, 17 in complex alloys and multicomponent ionic and semiconducting compounds is relatively recent, but it has opened the door to understanding the rich thermodynamics of the Zr-O-H system, as well as to new interpretations of the complex corrosion kinetics under service.
The phases that form during the corrosion of zirconium and its alloys are especially challenging to describe with first-principles statistical mechanics methods. Zirconium forms a rich variety of oxides and hydrides having a range of crystal structures and compositions. ZrO 2 , for example, is stable in one of three polymorphs at ambient pressure depending on temperature. Zirconium also forms a series of sub-stoichiometric oxides at very low oxygen partial pressures. In fact, a-zirconium, which exists in the hcp crystal structure, is able to dissolve oxygen interstitially up to concentrations of 33%, with the dissolved oxygen exhibiting substantial disorder at high temperature, but forming ordered sub-stoichiometric oxides at low temperature. The hydrides are equally complex. ZrH 2 , for example, undergoes a cubic to tetragonal martensitic transformation upon cooling from high temperature and can tolerate very high vacancy concentrations over the hydrogen sub-lattice at low hydrogen partial pressures. Metastable hydrides are also observed and are likely stabilized as their formation in the early stages of precipitation is accompanied by less coherency strain energy than the hydrides that are more stable under ambient hydrostatic pressure conditions.
The elevated temperatures at which corrosion occurs requires an explicit treatment of entropic contributions arising from thermal excitations over the many available configurational and vibrational degrees of freedom. The oxygen disorder at high temperature in the ZrO x sub-oxides, for example, is responsible for configurational entropy. Cubic ZrH 2Àx will also have a sizable configurational entropic contribution to the free energy due to the many possible ways of arranging hydrogen vacancies over the interstitial sites of an FCC Zr sublattice. Even more challenging to predict are contributions from vibrational excitations, which are responsible for the structural transformations among the various polymorphs of ZrO 2 and ZrH 2 .
A powerful method to describe configurational and vibrational excitations in multi-component crystalline solids is with the use of effective Hamiltonians. These are mathematical expressions that can be parameterized with first-principles calculations and that can then be used to predict the energies of arbitrary excitations, often with close to first-principles accuracy. a Â ffiffiffi 3 p a supercell ordering perpendicular to the c-axis, but achieves half-filling over the octahedral sites by having layers with 1/3 filling alternated by layers having 2/3 filling. However, as is clear from the calculated phase diagram, this phase is able to tolerate a large degree of offstoichiometry and disorders through a second-order mechanism. The phase diagram also shows a transition temperature for ZrO 2 from its monoclinic form a to its tetragonal form b. This transition temperature was predicted within the quasi-harmonic approximation.
While the Zr-O binary has been studied for decades, it was only recently that a new monoxide phase having ZrO stoichiometry was discovered. Experiments showed the existence of a ZrO 25, 26 monoxide in oxidation microstructures. 23, 24 However, it was with systematic first-principles enumeration and structure search algorithms that the crystal structure of this sub-oxide was unraveled. 25 This new phase, labeled d', consists of an omega Zr sub-lattice (made of alternating honeycomb Zr layers interleaved with triangular Zr layers) with the oxygen occupying square pyramidal interstitial sites of the Zr sub-lattice. The vibrational entropy of this phase was predicted to be lower than that of competing oxides due to the tight packing; however, the phase was found to remain stable until at least about 1500 K. It appears as a line compound in Fig. 1 as it does not tolerate off-stoichiometry through the introduction of oxygen vacancies or interstitials. 25 The hydrides of Zr pose even greater challenges to first-principles statistical mechanics, in large part because the important cubic ZrH 2Àx form is predicted to be dynamically unstable at low temperatures. In addition to tolerating high vacancy concentrations over the hydrogen sub-lattice, leading to sizable configurational entropic contributions to the free energy, cubic ZrH 2Àx also exhibits large anharmonic vibrational excitations that dynamically stabilize its cubic symmetry. Recently, a cluster expansion Hamiltonian describing vibrational degrees of freedom was developed to account for the large anharmonic fluctuations that stabilize high symmetry phases such as cubic ZrH 2 .
22 Combined with Monte Carlo simulations, it was possible to predict the experimentally observed tetragonal to cubic phase transformation upon heating. Figure 2a shows the predicted dependence of the unit cell lattice parameters on temperature, clearly showing a second order phase transition from the tetragonal form of ZrH 2 to the cubic form. Figure 2b shows calculated free energy curves as a function of the c/ a ratio. At zero Kelvin, the cubic phase, corresponding to c/a = 1, is clearly dynamically unstable due to the negative curvature of the free energy. With increasing temperature though, anharmonic vibrational excitations reduce the difference in free energy between the tetragonal phase, corresponding to the minimum at c/a < 1, and the cubic phase at c/a = 1. At the second-order transition temperature, the minimum of the free energy shifts to c/ a = 1, rendering the cubic phase thermodynamically stable. It was only upon the introduction of new statistical mechanics tools accounting for anharmonic vibrational excitations that important thermodynamic properties such as the elastic moduli could be calculated for phases such as cubic ZrH 2 , 27 which are dynamically unstable at low temperature, but become dynamically stabilized through large vibrational excitations at high temperature.
MESOSCOPIC KINETIC MODEL OF OXIDE LAYER FORMATION AND GROWTH
The oxygen ions from the electrolysis of the water reach the clad outer surface and diffuse in the Zr matrix. Free oxygen diffusion occurs preferentially along the grain boundaries, accelerating ion transport with respect to bulk diffusion. As the oxygen concentration builds up, the resulting Zr and O mixtures evolve, giving rise first to stable solid solutions, followed by intermetallic structures as well as additional sub-oxide phases such as the (metallic) d' ZrO phase. When the atomic fraction of O approaches the oxide stoichiometric phase boundary in the phase diagram, 25 the system begins to transform into a substoichiometric form of tetragonal zirconia, ZrO 2Àx (with x < 0:02). It is believed that this layer consists of arrays of roughly equiaxed nanocrystals with various stress-minimizing orientations relative to the metallic substrate, stabilized by the relatively large internal surface-to-volume ratio. This metastable phase is soon replaced by a stable monoclinc saturated (stoichiometric) zirconia phase, as more free oxygen is picked up and immobilized into the oxide phase. Multilayer evolution systems are typically treated as interfaceevolving Stefan problems. However, this naturally 
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Nominal LWR Operating Conditions leads to a parabolic growth scaling law which is known to not hold for Zircalloy corrosion. Instead, here, we develop a one-dimensional chemical reaction kinetics model.
Throughout the process, the atomic fraction of oxygen (related to the partial pressure) in Zr is defined as:
where [Oi] is the concentration of chemically immobilized oxygen (i.e. not available for diffusion). The value of X for the substoichiometric tetragonal phase denoted by ZrO 2Àx that forms first is then given by:
which corresponds to non-stoichiometric ratio of X $ 0.6644 when x = 0.02. The value for monoclinic zirconia is a constant at X = 2/3. Therefore, once the oxide layer emerges, oxygen diffusion proceeds on two different media with different physical properties. 28 This picture including a three-layer system is schematically depicted as a one-dimensional process in Fig. 3 . A temperature gradient exists within the clad, such that the temperature depends on depth, which we denote by the spatial variable y. A simple order of magnitude analysis of the values of the thermal diffusivity a and the diffusion coefficient D yields approximately:
where q is the mass density, c p is the heat capacity, and T is the absolute temperature. This means that the thermal propagation rate is significantly faster than mass transport of O in Zr. Hence, we can assume that, at any stage in the zirconium oxide growth, the temperature distribution equilibrates very rapidly on the scale of atom diffusivity. This allows us to discard the time dependence of the thermal profile an any time (T = T(y)). With this, the set of parabolic differential equation that expresses the spatio-temporal variation of free oxygen in the system is: 
Suitable initial conditions to solve the differential equation system (5) by using finite differences can be defined at t = 0 for stage I: where C 0 is the (constant) oxygen concentration, available from electrolysis on the water side, which is set by water chemistry, temperature, pressure, etc. The second equation reflects that no free oxygen can escape the clad into the fuel side. (i.e. J O ðL; tÞ ¼ 0). Our critical assumption for post-crack growth (stage II) regime is that the free oxygen from the environment side becomes immediately available on the oxide/metal interface via transport through the microcrack network and remains constant at C 0 as the crack grow. Therefore, the updated boundary condition becomes:
A further simplification is to assume a single oxygen population that penetrates the clad by diffusion and is consumed due to the oxide reaction process. Oxygen diffusion results in a spatial depth distribution from which we obtain the concentration fraction X. Hence, we can obtain the spatial distribution of the emerging zirconium oxide phases based on the time evolution of X. The thickness of the oxide layer, s, is then selfconsistently obtained as the depth at which the oxygen in the clad is dissolved by the Zr.
Temperature Profile Update
As shown in Eq. 5, T(y) and dT = dy are essential inputs with spatio-temporal distributions. As the oxide builds up, it reduces the heat transfer rate. Hence, heat flux evacuated radially from the fuel is:
Further, we assume a linear temperature profile through the clad with (at most) two separate phases (oxide plus metal):
where T i is the interface temperature obtained from Eq. 10 as:
where j r ¼ j ZrO 2 j Zr , L and s(t) are the thermal conductivity ratio, the clad, and oxide layer thickness, and T f and T w are the temperatures on the fuel and water sides, respectively, which are taken to be constant. Hence, the temperature gradients at any given instant are obtained as:
and dT dy
Iterative Procedure
The initial conditions are defined assuming a pure Zr layer, which sets the original temperature gradient and the rest of the associated temperaturedependent parameters. As the oxide layers grow, this assumption is updated accounting for the new three-layer metal/oxide system and temperature distributions. Hence, the simulation is carried out dynamically by iteration of time and space variations in diffusivity (D), thermal conductivity (j) and reaction rate (k), as shown in Fig. 4 .
The experimental kinetics of growth is shown to display a third power law relationship with the time. In this work, we first assume linear kinetics (b = 1). Subsequently, we iteratively vary b until a t 1/3 dependence is recovered, adjusting the units of the rate constant k in each case. The present model represents a simplified view of the oxidation process, which is nonetheless useful to gain qualitative insights into the kinetics of corrosion, and which will be augmented in future studies with a more fundamental description of the relevant processes.
MODEL PARAMETERIZATION Electronic Structure Calculations of Oxygen Diffusion in Zr Oxide
By combining density functional theory (DFT) calculations and thermodynamic/kinetic continuum models, we have conducted a series of studies on the defect chemistry and transport properties of zirconia. The goal of these studies is to deduce physically 
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Nominal LWR Operating Conditions based kinetic parameters, such as diffusion coefficients and surface reaction rates, and feed them to the higher-level kinetic models.
Conventional corrosion models are generally based on the assumption that doubly-charged oxygen vacancies and electrons are the two dominant types of intrinsic defects, ignoring the fact that the situation might change with varying temperature and oxygen chemical potential. In fact, the oxide layer is constantly exposed to a gradient in the chemical potential of oxygen from the oxygen-poor zone at the metal/oxide interface to the oxygen-rich zone at oxide/water interface. We assessed all possible intrinsic point defects in both tetragonal 29 and monoclinic 30 phases of ZrO 2 . Our results revealed that, for the tetragonal phase and under oxygen-poor conditions, the dominant defects are doubly-charged oxygen vacancies compensated by electrons. With continuous depletion of oxygen, the neutral oxygen vacancy takes over. For the monoclinic phase under oxygen-rich conditions and temperatures less than 500°C, quadruple-charged zirconium vacancies prevail compensated by holes.
Oxygen diffusion inside the oxide film consists of various defect-mediated migration processes. Combining the formation free energies and migration barriers in a random-walk model, we predicted oxygen self-diffusion coefficients in tetragonal ZrO 2 . 31 Migration barriers of oxygen defects were calculated with the nudged elastic band (NEB) method. 32 The resulting oxygen self-diffusivity as a function of temperature and off-stoichiometry (x in ZrO 2Àx ) is reproduced from Ref. 31 in Fig. 5 . At x = 10 À4 , the simulation results compare favorable to the experimental data. 33 The origin of the deviation of the slope at this x is the assumption of a pure ZrO 2 , which is not the case in the experiments. Accounting for impurities also results in better agreement in the slope, as discussed in Ref. 31 .
Impurities in ZrO 2 arise from the alloying elements that are present in the zirconium alloy. Aiming at quantifying the effect of metal dopants on oxidation and hydrogen pickup kinetics and identifying design principles for degradation-resistant zirconium alloys, we performed studies of common metal alloy elements dissolved in ZrO 2 . The existence of aliovalent metal dopants, even on the ppm level, could substantially change the defect chemistry and corrosion kinetics. In tetragonal ZrO 2 , we explicitly evaluated the effect of dissolved Nb. 34 DFT calculations show that Nb 5+ substituting zirconium is the predominant Nb defect. Positively charged Nb dopants are compensated mainly by zirconium vacancies but to some extent also with electrons. This is also accompanied by a decrease in the concentration of oxygen vacancies. Kinetically, this is reflected in the enhancement of electron transport and the suppression of oxygen migration. 
These expressions allow us to expand the nonstoichiometry range of oxygen diffusion in ZrO 2Àx for x values up to %0.02.
Mechanisms of Hydrogen Pickup and Diffusion on Zr
Hydrogen pickup and hydride formation are also important degradation processes in zirconium alloys that could potentially lead to embrittlement. Here, we focus on hydrogen pickup mechanisms, while hydride formation is addressed in more detail in ''Summary'' section. In order to understand how hydrogen is incorporated into the oxide passive film and how it enters the zirconium alloy, we have studied hydrogen-related defects in tetragonal (t-) ZrO 2 35 and monoclinic (m-) ZrO 2 . 30 Both in t-ZrO 2 and under oxygen-poor conditions, hydrogen is found to be more energetically favorable as a substitutional H + occupying an oxygen site. As such, the concentration of substitutional hydrogen increases as one approaches the metal/oxide interface. Our results have also demonstrated that there is a tendency for hydrogen species to cluster at a zirconium vacancy site in oxygen-rich conditions, which could be potentially detrimental to the mechanical integrity of the oxide film, analogous to hydrogen embrittlement in the Zr metal. By analyzing the effects of different alloying elements in m-ZrO 2 , we have seen that the hydrogen solubility in the oxide exhibits a minimum with respect to the electron chemical potential, l e . 30 We identified two doping strategies that could potentially suppress hydrogen uptake in the oxide. Dopants such as Cr could reduce the hydrogen solubility, while dopants such as Nb, Ta, Mo, W or P could maximize l e and accelerate the H 2 evolution kinetics at the surface. However, increasing l e also results in enhanced hydrogen trapping at zirconium sites in m-ZrO 2 , thus hindering its diffusion toward the oxide/metal interface. While Nb and Cr are already widely used in current zirconium alloys, Ta, Mo, W and P have been predicted in our work to accelerate the H 2 evolution kinetics at the surface. So far, our studies have comprehensively covered defect chemistry related to oxidation kinetics and hydrogen incorporation in bulk t-ZrO 2 and m-ZrO 2 . The computed formation and migration energies are sufficient for kinetic models where the passive film is treated as a homogeneous medium. However, extended defects, such as oxide/metal, oxide/water and oxide/secondary phase particles interfaces, also exist in the system and alter the energetics and kinetics nearby. Extending the current framework to account for structural variation and space-charge effects in the vicinity of these extended defects is the next step, and will provide more accurate quantifications of reaction rates and transport processes close to these critical interfaces.
Simulation Parameters
The values for simulation are listed in Table I .
The above parameters are taken from different sources including experiments dating back several decades, DFT calculations, etc., and have not been checked for self-consistency. For this reason, the results presented below are more a qualitative reflection of the oxidation process, rather than a rigorous quantitative analysis. Figure 6 shows the spatio-temporal evolution of the oxygen and atomic fraction according to the oxidation model. The thickness of the substoichiometric ZrO 2Àx (tetragonal layer) is defined by the iso-contour X = 0.6644. Figure 7 shows the evolution of the monoclinic oxide scale s(t) for b = 1. The curve is compared with a t 1/3 power law, with very good agreement achieved. Further analysis shows that the closest agreement with a t 1/3 dependence is achieved for b = 0.7. Figure 8 shows the oxygen concentration profiles during stage I before and after the oxide layer emerges.
RESULTS

Oxide Layer Growth Simulations
According to experimental observations, stage II is seen to approximately begin at an oxide layer thickness of approximately s % 80 lm. As mentioned earlier, this is brought about by fragmentation and cracking of the oxide scale, which occurs when pre-exisiting cracks propagate inward and reach the oxide/metal interface. At that point, oxygen and hydrogen ions from the water side become immediately available at the interface, so that diffusion through the oxide ceases to be the rate-limiting step for oxygen availability and oxide layer growth. During stage II, s starts to scale quasilinearly with time, which is captured qualitatively by the model, as shown in the inset to Fig. 7 . It is worth noting that the model at the present stage captures the qualitative features of this breakaway growth regime, which is seen to strongly depend on coolant chemistry and irradiation conditions, among other factors. 
A Microscopic Model for the Hydrogen Kinetics in Zr
A critical aspect of the overall corrosion process is the coupling of hydrogen and oxygen transport through the oxide scale towards the metal substrate, where hydrogen further diffuses and forms hydride platelets. These platelets are preferentially oriented along the normal and tangential directions, and have a profound impact on the mechanical behavior and loss of ductility of the zircalloy. At this stage, these synergisms have not been fully established and hydrogen transport and precipitation are treated as independent processes. In this section, a rate theory model of hydride formation in Zr metal is proposed, without any coupling to the oxide scale kinetics for the moment.
Existing models 41 for the hydrogen behavior (diffusion and hydride precipitation) in Zr use simplified expressions for reaction (precipitation and dissolution) rates to solve for the hydrogen concentration in the metal matrix (solid solution form) and the total concentration of hydrogen in all hydrides without regard to their sizes. While the partition of hydrogen into the matrix and the hydrides is important, the existing models do not provide more detailed information, such as the number density and the size distribution of the hydrides, which is valuable to mechanics modeling and failure probability analysis of the fuel-cladding system. Motivated by this, we have initiated an effort to develop a microscopic model for the hydrogen kinetics in Zr. Specifically, we use a cluster dynamics (CD) approach that establishes one equation for each size of the cluster (here hydride). The CD approach has been extensively used in modeling kinetic processes, e.g., defect clustering and helium bubble formation, in irradiated materials. 42, 43 With this approach, the hydrogen kinetics is described by the following system of equations:
where C stands for the concentration (nm À3 ), k þ n and k À n are the reaction constants for a cluster containing n-H atoms to capture and emit a H-atom, respectively. Here, we assume that the newly formed hydride has a fixed stoichiometry and hence the H-number is sufficient to represent a hydride cluster and that a hydride cluster contains at least two H-atoms (C 1 refers to the concentration of hydrogen in the metal matrix.) At present, our model uses the following expressions for the reaction rate constants:
, respectively, where r is the radius, D is the diffusivity (D n ¼ D 1 (for n ¼ 1Þ or 0 (for n > 1Þ), C 0 is the matrix atomic number density and E B n is the binding energy of a H-atom to the cluster. These expressions are most suitable for 3D diffusion-reaction systems with near-spherical clusters, which may be a reasonable approximation to the early stage of hydride precipitation (or, very small precipitates). Alternative rate expressions will be used to account for the plate shape of large hydrides that has been reported in experiments. [e.g., Ref. 44] Two unique features of the problem of the hydrogen kinetics in Zr cladding are the presence of a pronounced temperature gradient across the cladding thickness and an extra diffusion flux induced by the temperature gradient, the latter known as the Soret effect. The temperature gradient stipulates a spatial dependence of the hydrogen diffusivity and the reaction rate constants. The Soret effect modifies the overall hydrogen diffusion flux in the metal matrix as
where Q is the Soret constant. After converting the partial differential equations into ordinary differential equations at different spatial positions and applying an all-zero initial condition, a constant (in-)flux, J in , of hydrogen from the water side and a zero flux at the fuel-clad interface, we have performed a first round simulation of the hydrogen kinetics using the cluster dynamics model and the parameter values listed in Table I . Note that all the parameter values in Table II are known to be suitable for the hydride formation in aZr according to, 45 except those for r(n) and E B n which need to be finalized in the near future based on relevant experiments and/or atomistic studies. Figure 9 shows the resulting dynamics of hydride cluster evolution as a function of depth for a 0.1-cmthick Zr metal clad in the presence of a temperature gradient and incorporating the Soret effect. At the beginning of the process, H atoms that flow into the material from the right (water side) boundary are transported rapidly to the left (fuel side) boundary. Subsequently, small hydride clusters/embryos containing a handful of H-atoms start to form, first near the right boundary and then also towards the inner (left) positions, owing to monomer-capturing processes. The frame at t = 3,000,000 s ($35 days) in Fig. 9 represents an even later stage where a pronounced x-dependence of the size and population of hydrides is clearly developed, with bigger and larger population of hydrides occurring near the right (water side) boundary. This preferential formation and growth of hydrides is qualitatively consistent with the general observations in experiments (e.g., Refs. 41 and 45).
We emphasize that the initial results presented here are intended to demonstrate the general behavior and the new functionalities of this model (e.g., providing separated information of size and number 
density of hydride clusters at different spatial positions within the cladding) that are not available from existing models, rather than to make detailed comparisons with any particular experiment. Full parameterization and thorough experimental validation of the model remain as a future set of goals.
SUMMARY
This work contains modeling results of zirconium oxide layer growth and the formation of hydride phases in Zr metal as a function of time. The models presented here represent fully integrated chemical reaction kinetics models, coupled to fundamental thermodynamic and kinetic data obtained by electronic structure calculations. The phase diagrams of the Zr oxide and hydride phases have been mapped out using cluster expansion Hamiltonians with structure identification, and provide the basis to formulate chemical models that account for stoichiometry and solubility behavior. Electronic structure methods also provide physical coefficients and parameters to fit the mesoscopic models.
In contrast with other more semi-empirical, qualitative models, the time dependence of the oxide layer thickness is not set a priori, but is an outcome of the calculations. We have found that the reaction order (which in general does not coincide with the stoichiometric coefficients of the reaction) sets the time exponent of the thickness growth dependence. Although a reaction order of unity comes close to furnishing the one-third power law dependence observed experimentally, we have found that a value of 0.7 provides the best fit. In terms of hydride formation, we have demonstrated a new cluster dynamics type of model that incorporates the hydrogen diffusion, clustering and thermal dissociation in the presence of a temperature gradient in a fundamentally self-consistent way, and provides additional information (e.g., size distribution and number density of hydride clusters) that are not available from existing models. We emphasize that there are still many open questions in regards to Zircalloy corrosion, such as irradiation effects, the impact of the alloy chemistry and microstructure, synergistic H/O transport and chemistry, validation, etc. The models presented are an attempt to bring the full power of computational/physical modeling to a relatively old problem, using a new modeling philosophy supported by new numerical techniques and unprecedented computational power. The next phases of our modeling effort will involve bridging the oxide growth model with the hydride accumulation calculations.
